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Abstract 
The purpose of this research is to realize a small robot 
which can negotiate pipes whose diameter varies widely 
during the robot’s course. A new in-pipe locomotion 
mechanism named “snaking drive” is proposed in this 
paper and its potential and fundamental characteristics are 
shown with experimental data of the prototype model. 
First, in the sections 2 to 5,  the basic traveling 
characteristics of the snaking drive mechanism are 
discussed: a theoretical formula of the fundamental 
characteristics and control algorithm are derived, the 
motions of the robot are simulated on a PC, and the 
prototype model was designed, developed, and tested. 
Next, in the sections 6 and 7, additional control 
algorithms for the front link are derived. They are 
necessary for steering at T-branches and L-bends of pipes, 
and also for camera view stabilization. Their performances 
are also shown by software simulation and experiments. 
The prototype robots moved in pipes whose diameter 
varies between 55mm to 331mm with the maximum speed 
of 22 d s .  The paper also shows that the prototype 
negotiates T-branches and L-bends of pipes with 
inspection capability through a camera mounted on the 
robot. 
1. Introduction 
Although various pipe inspection robots have been 
developed [1-61, there is almost no robot which can 
negotiate pipes of changing diameters. The diameters of a 
pipe can often change during the robot’s course in 
practical plants and gadwater supply lines. And there can 
also he sediment or other debris obscuring the robot’s path. 
Therefore, realization of a robot capable of negotiating 
pipes of varying diameter has been a practical and very 
important subject. 
The final goal of this research is to realize a small robot 
which can negotiate pipes of diameter 1 to 6 inches, which 
are very popular in practical plants and also difficult to be 
inspected inside using conventional machines. The authors 
experimented with a new locomotion mechanism named 
“snaking drive”. This paper shows the potential of the 
mechanism theoretically and experimentally. 
2. Driving Principle 
Several types of snake-like mobile robots have been 
developed [7-91. They have the potential to offer good 
mobility on various spaces, such as narrow paths and on a 
plane. 
One of the authors has applied a snake-like traveling 
method to an in-pipe locomotion robot using pneumatic 
rubber actuators and showed the potential to travel in 
pipes of widely varying diameter [SI. Snaking drive 
mechanism reported in this paper is basically based on the 
former mechanism and is designed and developed to be 
more practical and to have better adaptability to pipe 
diameter by increasing the degree of tleedom of the robot 
and by using rigid link mechanisms and power micro DC 
motors. 
Figure 1 shows a configuration and a driving sequence 
of the snaking drive mechanism. The robot shown in Fig. 
1 consists of six links which are connected serially by 
rotational joints. The joints are driven by sine wave signals 
with small phase differences between adjoining joints. 
This algorithm is shown by the following equation: 
kont link Joint 6 Joint 1 link 
Figure 1 Driving principle of snaking drive 
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where i represents the identify number of the joint, 
numbered from the rear to the front of the robot, R(i) 
represents the reference value of the bending angle of the 
i-th joint. A ,  o, and f represent the amplitude of the 
bending angle, the angular frequency, and time, 
respectively. h represents the number of links forming one 
wave, which is named wave length. 
Figure 1 shows an example of driving sequence, where 
the number of the joints, n is 6 ,  the wave length, h is 6 ,  
(six links forms one sine wave), and the phase difference 
between the adjoining joints is d 3  [rad]. 
Snake-like movement caused by this algorithm makes 
the robot move in the direction of the delayed phase link 
as shown in Fig.1 using the friction between the robot and 
the pipe wall. 
There are many options of control and mechanical 
design parameters. Effects of the optional parameters to 
robot mobility are discussed in the following sections. 
3. Theoretical characteristics 
Kinematical considerations lead theoretical 
characteristics and control algorithms of the snaking drive 
mechanism. In this report, the width of the links is not 
considered for simplicity 
3.1 Optimization of the amplitude of the bending angle 
Optimal amplitude of the bending angle, A is obtained 
as a function of the pipe inner diameter, D. Figure 2 shows 
an example of analysis for h=6. Kinematical consideration 
based on Fig.2 leads the following equations; 
e, =e4 = o  
e2 = ei = g5 = -e6 =A 
D = / 2 ~  sin(@, ] 
(2) 
where D and L represent the pipe inner diameter and the 
length of the link, respectively. Oi represents the bending 
angle of the i-th joint. 
qptimal amplitudes for h=4 and 8 are also obtained in 
similar ways. The results are shown in Fig. 3. 
3.2 Traveling velocity 
The traveling velocity of the robot in pipes is also 
Figure 2 Theoretical analysis between pipe inner 
diameter and bending angle (k6) 
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Figure 3 Optimal amplitudes of bending 
angle 
k d 
Figure 4 Theoretical analysis of travelling 
velocity of the robot (A=6) 
obtained theoretically as a function of the pipe inner 
diameter. Define the speed parameter of Y as the traveling 
distance caused during a snaking cycle, or 2 d m .  Thus, the 
parameter Y has the dimension of d c y c l e .  
. Figure 4 shows an example of analysis in the case of 
h=6, where I represents the length of a sine wave of the 
robot measured in the axial direction. Figure 4 leads the 
following equation. 
where Bi’ represents an angle between the (i+l)th link and 
pipe axis. L represents the link length. 
The traveling velocities for h=4 and 8 are also 
obtained in similar ways. The analytical results are shown 
in Fig. 5.  
4. Software simulation of traveling in straight pipes 
Simulation using a dynamic mechanical simulator, 
Working Model was carried out to verify the basic 
performances of this mechanism as shown in Fig. 6 .  
Figure 6 shows a robot traveling right to left, from big 
to small pipe. The robot was found to move successfully 
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Figure 5 Theoretical travelling velocity 
Figure 6 An example of simulation 
I d 
1 1  
I I /  
Figure 7 Link dimensions 
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in pipe, 1 to 6 inch in inner diameter and also to negotiate 
T-branches and L-elbows. 
5. Prototype design and experiments 
A prototype robot which moves on two dimensional 
planes was designed and experimented in order to verify 
the potential of the snaking drive mechanism. The 
prototype consists of seven links which are connected 
serially by six rotational joints. 
Figure 7 shows the dimension of the link and Fig. 8 
shows the joint structure. Each joint consists of a DC 
electrical motor, a rotational potentiometer, and a 
reduction gear with U300 reduction ratio. The distance 
between the joints is 110 nun and the prototype robot is 
810 mm long in total. A link weights 50 g and the robot 
weights 780 g i n  total. 
Experiments were made by traveling the robot 
between two walls as shown in Fig. 9. The experimental 
results and theoretical results of the robot velocity are 
shown in Fig. IO. The frequency was set to he 0.2 cycle/ 
second, which leads the maximum velocity of 22 mds . .  
Figure 8 Joint structure of the prototype 
I I I------l 
Figure 9 Prototype robot 
Distance between walls is XOmm (left) and 200 mm 
(right) 
The distance between the walls was changed from 50 
mm to 320 mm and the robot travels successfUlly between 
them. The experimental results and theoretical results 
agree well for the walls-distance of 50 nun to 150 nun. 
Errors between the experimental results and theoretical 
results come from the delay of the joint motor response. 
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Figure 10 Traveling velocity of the robot 
(experimental and theoretical results) 
6. Additional control algorithm for the front link 
Control of the front link of the robot is especially 
important for stabilization of TV image form the camera 
mounted on the front of the robot and for steering at pipe 
branches. For those purposes, additional control 
algorithms are necessary for the front link. 
6.1 Stabilization of camera orientation 
The front link is required to keep its orientation 
constant to stabilize camera images. An algorithm for h=6 
is obtained geometrically from Fig. 11 as e2 =-e6.0 
Equation (1) leads the bending angles R(2) and R(6) 
as follows; 
R ( 6 ) = A s i n  w f - -  ( 53nj 
Then, the bending angle of the joint 6 must be R’(6) as 
shown below in order to keep camera orientation constant. 
Figure 11 Stabilization control of the camera 
6.2 Simulation of camera view stabilization 
Figure 12 shows a simulation result of the camera 
stabilizing control. The results show the camera 
orientation was kept almost constant and the algorithm 
works well. 
6.3 Steering at pipe branches 
To negotiate pipe branches an$ elbows, it is effective 
to add an offset angle to each joint except the front joint. 
This means adding an offset ei, to equation (1) as follows. 
for i =1,2,3,4,5 
The front link must be controlled independently to 
select the paths at pipe branches. This is described as 
I 1 
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Figure 12 Simulation of Camera stabilizing control 
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follows; 
R"(6)  = A sin wr + 06, 
6.4 Simulation of negotiating T-branch 
A simulation of T-branch negotiation is  shown in Fig. 
13. Each joint is controlled according to equations (7) and 
(8). The bending angle of the front joint OGr is controlled 
manually using a control bar on a PC display. 
As shown in Fig. 14, the orientation of the front link is 
kept constant and also the robot can be easily control to 
move in desired path. 
7. Experiments 
The experiments of camera stabilizing and 
branch-negotiating were carried out using the prototype 
model shown in Section 5. 
Figure 14 shows an experiment of camera stabilizing. 
i=O 
*1.0 
e 2 . 5  
" 1- 
$3.0 
Figure 13 Simulation of robot steering at 
branches 
d 
Figure 14 Camera orientation control 
Figure 15 Steering control at T-branch 
It was found the camera stabilization works well, while 
some camera image shakes still remain, which results 
from backlash of the gears and the friction between the 
robot and the pipe walls. 
T-branch negotiating experiments were made in plastic 
pipes, 120 mm in diameter as shown in Fig.15. The 
additional control parameters of the joint bending angle, 
Os is controlled manually by an operator observing the 
robot and handling a joystick and buttons on a control 
pendant. In this experiment, the additional bending angle 
of the joints 1 to 5, OIr-Bs. are set to be equal while the 
additional angle for the 6 th joint is controlled 
independently. 
The robot offers good mobility; the robot can move 
easily in desired directions with manual control. 
The robot was found to negotiate also short elhow 
pipes. 
8. Conclusions 
A new mobile mechanism in pipes is proposed and its 
performances are shown experimentally using a prototype 
robot. This mechanism is especially effective traveling in 
pipes with diameter-change. 
This paper shows: 
( I )  The prototype robot can travel easily in pipes, 55mm 
to 331 mm in inner diameter. The maximum traveling 
rate is found to be 2 2 d s  in pipe 202 mm in inner 
diameter. 
(2 )  A new control algorithm for camera view stabilizing 
was developed. The experiment shows that this 
algorithm works well. 
(3) The prototype robot negotiates T-branches and 
L-elbows successfully. 
A practical model is now being developed. 
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